A failure investigation was conducted on a high-pressure machine with a large pump-turbine runner that was 2.9 m in diameter and had a maximum discharge rate of 32 m 3 /s. A part of the runner broke off during operation. This released a piece of the crown, which went through the machine, causing further damage. An analysis of the broken runner revealed a fatigue problem, so the dynamic/vibratory behavior of the runner during machine operation was investigated to determine the cause.
Introduction
Pump-turbines (PT) are high-head reversible machines that can be operated as a pump and as a turbine. They store energy by pumping water to the upper reservoir when there is surplus energy in the electrical network. This is due to low consumption (at night) or to the input from renewable power plants such as windmills. The stored water is turbined during the day at peak hours when energy is needed.
The case reported here corresponds to a single-stage PT with a 400 m head and a maximum power of 110 MW. It is a vertical shaft machine with a hydraulic runner at the bottom and an electrical generator at the top. The runner has 7 blades, is 2.9 m in diameter and is made of stainless steel. The distributor has 16 guide vanes. Fig. 1 shows a sketch of the machine and the runner.
Damage description
A small crack was identified in the runner during a maintenance inspection. The runner was repaired and reinstalled. A few months later, a part of the crown detached from the runner while the machine was in operation (see Fig. 2 ). The detached part passed through the machine, causing further damage. Fig. 3 shows a close-up of the broken part of the runner. The analysis of the part revealed a fatigue problem. Beach marks can easily be identified in the crack, which was propagated from the T-joint between the runner blade and the crown. To analyze the cause of the failure, it was necessary to calculate the dynamic deformation of the runner during operation in order to identify the locations where maximum stress concentration occurs. The main excitation forces generated while the machine was in operation were applied to the runner. This is known as dynamic behavior and it allows the structural response of the runner to be calculated [1, 2] . The main dynamic forces that act on the runner are described below.
Origin of vibration
The main excitation force for this type of machine comes from the pressure fluctuation induced by the rotor-stator interaction (RSI) [3] [4] [5] . The RSI arises from the interference between the rotating blades of the runner and the stationary vanes. This causes the velocity profile of the vanes to be modified by the rotating vanes, producing a periodic pressure fluctuation around the perimeter of the runner. The phase of the pressure pulsation depends on the number of runner blades and the number of guide vanes that give a certain diametrical pressure mode. The frequency depends on the rotating speed and on the number of blades and vanes. Fig. 4 shows the RSI sequence corresponding to this machine (7 blades and 16 guide vanes). In the first interaction, blade 1 faces vane 1 (Fig. 4a) ; when the runner rotates a little clockwise, blade 4 meets vane 8 ( Fig. 4b) , blade 7 then faces vane 15 (Fig. 4c ) and so on. Table 1 shows the complete sequence of events, and indicates which blades interact. 
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The pressure pulsation generated by the RSI shows an almost regular sine-wave signal. From the rotating reference frame, any blade of the runner receives Z v pressure pulsations for each runner revolution (16 in this case). Thus, its frequency is:
where f p is the pressure fluctuation frequency on the runner, Z v is the number of guide vanes and f n is the shaft rotating frequency. Each blade receives the same pressure pulsation but with a phase shift. For instance, when the pulsation in blade 1 is at a maximum, it is almost at a minimum in blades 3 and 6 (see Fig. 5 ).
The shape of the pressure pulsation generated by the RSI around the whole runner can be determined [3] by the following equation:
where n and m are integers, z g is the number of guide vanes, z b is the number of runner blades, and k is the diametrical mode. For this combination of blades and vanes (7/16), the main diametrical mode of the excitation is k = 2 rotating opposite the runner rotation. This means that at any instant there are two positive and two negative pressure pulses around the runner (see Fig. 6 ). This is a two-nodal diameter (2ND) excitation. The amplitude of the pressure fluctuation depends on the head, the operating conditions and the design. It was measured using a pressure transducer located in the guide vane channel. Table 2 shows the resulting values.
In any dynamic problem, the worst conditions (maximum response of the structure) are found when there is a coincidence between the frequency of the excitation and a natural frequency of the structure with the same excitation mode shape. In this case, because the excitation has a 2ND mode shape, the maximum deformation of the runner will occur when the RSI excitation frequency is near the natural frequency of the runner with a 2ND mode shape. Once the excitation characteristics are determined, the dynamics of the runner are analyzed.
Dynamics of the runner structure
The finite element method (FEM) was used for the numerical simulation of the structural dynamics. The material parameters were specified according to the actual values, as shown in Table 3 .
Given the previous experience with the sensitivity of the element shape, the mesh density and the effects of the added mass of water [6] [7] [8] [9] , the runner was modeled with 680,772 elements and 856,551 nodes. To consider the effect of the water, the runner was surrounded by the fluid domain. The fluid mesh was built by extending the structure mesh so that the nodes on the interface could be shared by both domains. The final fluid mesh contains 19,04,774 elements and 301,098 nodes. Fig. 7 shows the runner mesh.
This model was used to perform the modal analysis and to calculate the natural frequencies and mode shapes of the runner. Fig. 8 shows the results of the modal analysis. The first natural frequencies correspond to a zero-nodal diameter (0ND), a one-nodal diameter (1ND) and a two-nodal diameter (2ND) mode-shape. The natural frequency of interest (2ND) has a frequency of 186 Hz [10] .
The mode shapes of the runner crown are somewhat similar to the ones of a disk but they are much more complex. Because the stiffness in the runner is not uniform, the deformation varies greatly. The main deformation in all modes occurs in the outlet diameter, as shown in Fig. 8 , especially in the crown and band near the suction side of the blades, which remain almost non-deformed. The displacement on the crown is greater than that on the band. This is the exact position where damages are expected to happen on this type of runner.
Dynamic behavior
Given the excitation characteristics and the numerical model of the runner in water, the dynamic behavior was determined by means of harmonic response analysis. To determine the response of the structure, a simple sine wave at a frequency value of f p was applied to each blade and the amplitude was obtained experimentally. Thus, the excitation force applied to the blade R(j) can be described in harmonic form as:
where P 0 represents the amplitude of the dynamic component, and / e;j is the phase of the excitation force on blade R(j)
For instance, the excitation exerted on blade R(3) is the fourth one in sequence shown in Table 1 , where e is equal to 4. Hence, the phase value can be calculated as:
and the excitation force can be expressed as: Fig. 8 . Mode-shapes of the runner. Fig. 9 . Dynamic model. The pressure pulsation is applied to each blade but with a phase shift.
All excitation parameters can be determined in this manner. Here, P 0 is taken from Table 2 and the frequency is 160 Hz. Fig. 9 shows a sketch of the dynamic model. In the numerical model of the runner, the pressure pulsations described above are applied with their corresponding phase. For instance, blade 1 shows excitation P 1,1 , blade 2 shows excitation P 6,2 with the same characteristics but a different phase, and so on (see Fig. 5 ). This numerical model can be used to calculate the runner response. Fig. 10 shows the result of the computation and the deformation of the runner at an instant of time. Thus, the maximum deformation occurs in the crown, in the external diameter of the impeller close to the blade.
An analysis of the whole deformation of the runner reveals a clear 2ND mode, with two nodal diameters between the deformations.
A strength analysis is required to determine the distribution of the stress concentrations in the runner. As the fillets at the connections between the crown, blades and band are not modeled to avoid an excessive number of elements, an absolute figure of the stress level in these local areas cannot be determined with this mesh configuration. However, the general stress distribution can be calculated and used to illustrate the stress level and distribution on the runner body.
The dynamic model indicates that the maximum stress concentration is located at the inlet of the flow passage in the Tjoint between the crown and blade (see Fig. 10 ). This is where the first cracks appeared in the runner. A solution can be found once the critical location has been identified.
Because no resonance has been detected, a simple way of eliminating further problems in the runner is to reduce the stress level where the maximum stresses are identified. This can be done by increasing the radius of the T-joint fillets.
Conclusions
A small part of a large pump-turbine runner broke off during operation. The analysis of the broken runner revealed fatigue damage. The failure was analyzed by simulating the dynamic behavior of the runner that caused the deformations and stresses under operating conditions. The response of the structure depends on the mode shape of the excitation and on the mode shape of the natural frequency excited. If the mode shape is different, the response is small; if the mode shape is the same, the response is very high.
The dynamic analysis showed the largest concentration of stresses in the periphery of the runner where the blades and the crown are connected. This means that this part was more prone to suffer fatigue damage.
The vibrations and deformations in this runner were high especially for the following reasons: first, because the pressure pulsation generated by the runner stator interaction was very high due to the characteristics of the machine (high head, small gap, large blade load); second, because the maximum deformation in this type of runner occurs in the tip diameter at the connection between the runner blades and the crown, where the action of the pressure pulsations is generated during operation; and third, although no resonance was detected, the natural frequency of the runner with a 2ND is not too far from the excitation frequency (also with a 2ND mode shape), which enhances the response.
A deficient finishing of the fillets after the repair was considered to be the cause of the damage. The problem was solved by increasing the radius of the T-joint and ensuring an accurate construction of the fillets.
